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ABSTRACT
We use observations of line-of-sight magnetograms from Helioseismic and Magnetic
Imager (HMI) on board of Solar Dynamics Observatory (SDO) to investigate polarity
separation, magnetic flux, flux emergence rate, twist and tilt of solar emerging active
regions. Functional dependence of polarity separation and maximum magnetic flux of
an active region is in agreement with a simple model of flux emergence as the result of
buoyancy forces. Our investigation did not reveal any strong dependence of emergence
rate on twist properties of active regions.
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1 INTRODUCTION
It is widely accepted now that solar active regions (ARs)
are a manifestation of emerged portions of subphotospheric
toroidal magnetic flux (Parker 1955). The magnetic field
that forms active regions is generated somewhere in the
convection zone (CZ) in the processes collectively called
the solar dynamo. The conditions in the tachocline at
the base of the CZ allow the magnetic flux being am-
plified by stretching and wrapping of magnetic field lines
by the differential rotation (the so-called “Ω effect”) and
the action of turbulent convection (α-effect) (e.g., Babcock
1961; Ossendrijver 2003; Charbonneau 2005, 2010, 2014;
Brun et al. 2015; Ferriz-Mas, Schmitt, and Schuessler 1994;
Ferriz-Mas and Steiner 2007). In addition to amplification,
the magnetic field get organized into a concentrations re-
ferred to as flux tubes, in which the individual field lines are
linked together by wrapping around other field lines. While
the exact mechanisms leading to formation of flux tubes are
not well-understood yet, the concept is used widely in rep-
resenting the dynamics and properties of strong magnetic
fields on the Sun. After the flux tube is formed, one of its
portion may become unstable and start rising to the surface
due to buoyancy (Parker 1975; Fan 2004). The process starts
when the magnetic pressure inside the magnetic flux tube
becomes comparable to the gas pressure, i.e. when the mag-
netic field inside the tubes reaches certain threshold value of
about 105 G (e.g. Caligari, Moreno-Insertis, and Schussler
1995). In a simplified picture, the rising part of a flux
tube forms co-called Ω-loop with upper part moving to
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the surface, and its footpoints remaining tied to deep
layers of the convection zone. Crossing the visible layer
of the solar atmosphere (photosphere), these magnetic
tubes manifest themselves in observational phenomenon
called solar active regions (ARs). The dynamo can also
act in the bulk of the CZ or even in a near-surface
shear layer (e.g., Krause & Ra¨dler 1980; Brandenburg 2005;
Stein 2012; Nelson et al. 2014). Other mechanisms may also
play role in the formation of strong magnetic flux. For
example, Brandenburg, Rogachevskii, and Kleeorin (2016)
showed that the bipolar magnetic regions can be formed
due to negative effective magnetic pressure instability from
thin magnetic flux tubes that presumably exist through-
out the stratified CZ. Alternative mechanisms of forma-
tion of sunspots (and active regions) at/near visible so-
lar surface by the photospheric dynamo had also been
proposed (Gurevich and Lebedinsky 1946; Akasofu 1984;
Henoux and Somov 1987, 1991), but currently, those mech-
anisms are unable to reproduce several major observational
properties of sunspot groups (e.g., Hale polarity rule and lat-
itudinal behavior of tilt angles of sunspot groups) and thus,
are not widely accepted.
In past studies, considerable attention was paid to
the observational aspects of development (emergence) of
new ARs. Zwaan (1985) and Brants and Steenbeek (1985)
found that during the initial stage of the emergence
a strong transverse magnetic field of the rising mag-
netic tube apex is observed. This was later confirmed
by Lites, Skumanich, and Martinez Pillet (1998) who also
found “a low canopy of weak horizontal magnetic field
arches over the emergence zone”. As active region devel-
ops, small-scale features with magnetic fields of opposite
© 2018 The Authors
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polarities appear near its central part and move to oppo-
site ends of the emerging flux region to form rapidly-growing
footpoints of future AR (Zwaan 1985; Centeno 2012). The
magnetic field strength in the emerging flux elements is
about several hundred gauss, and the strength increases
up to kilogauss range when they become vertically oriented
(Lites, Skumanich, and Martinez Pillet 1998).
Recent numerical modeling indicates that when an Ω-
loop reaches near surface layers, it expands significantly
and emerges in a less coherent pattern, similar to the ob-
served evolution of emerging regions. The whole AR may
be formed of several Ω-loops, each one emerges individu-
ally (Otsuji et al. 2011; Abramenko et al. 2017). As a rule,
the same polarities of these Ω-loops gradually merge to-
gether to form the AR’s footpoints. For a comprehensive
observational description of AR’s formation and evolution,
see reviews by van Driel-Gesztelyi and Green (2015) and
Cheung et al. (2017). Movie of emergence of a small ac-
tive region based on Hinode observations can be found at
https://www.youtube.com/watch?v=oFF7xdcEMFg.
The process of magnetic flux formation and ris-
ing through the CZ is inaccessible for direct observa-
tions. Helioseismology can detect rising magnetic struc-
ture inside the CZ (e.g. Birch et al. 2013), however this
approach still provides limited data on magnetic fields
(Chen, Rempel, and Fan 2017). This is why our knowl-
edge on magnetic flux emergence from the bottom of the
CZ almost completely relies on theoretical deductions and
numerical simulations. Schuessler (1979) performed two-
dimensional magnetohydrodynamic (MHD) simulations of
flux emergence from the base of the CZ and found that the
differential rotation is a suitable mechanism for magnetic
field amplification. He also concluded that the rising flux
tube eventually distorts and fragments into two vortex rolls.
This may cancel the lifting force of magnetic buoyancy that
was considered in detail by Longcope, Fisher, and Arendt
(1996). Studies of thin toroidal flux tube emergence by
Choudhuri and Gilman (1987) and D’Silva and Choudhuri
(1993) showed that the Coriolis force may be responsi-
ble for ARs’ tilt. These findings were confirmed in 3D
numerical simulation of emerging flux loops evolution by
Fan, Fisher, and Deluca (1993). The authors also simulated
the asymmetry of the leading and of the following polari-
ties that is widely observed in real AR: the leading sunspot
tends to be more coherent than the following one (e.g.
McIntosh 1981; Tlatov et al. 2015). Similar results were
obtained by Caligari, Moreno-Insertis, and Schussler (1995)
who treated the dynamics of emerging magnetic flux tubes
using the thin flux tube approximation proposed by Spruit
(1981). Emonet and Moreno-Insertis (1998) carried out nu-
merical MHD simulations of a twisted magnetic tube rising
inside a stratified medium. They found that the twist of
magnetic tube can suppress the fragmentation of the tube
into two vortex rolls described by Schuessler (1979) and
Longcope, Fisher, and Arendt (1996).
Archontis et al. (2004) proposed the “two-step” emer-
gence model of the magnetic flux tube rising from the
upper layers of the solar interior into the solar corona.
The model was elaborated later by Toriumi and Yokoyama
(2011). In the framework of the model, at the first step
magnetic flux tube rises through the CZ due to mag-
netic buoyancy and slows down as it reaches just be-
low the photosphere where the background plasma pres-
sure falls dramatically. A horizontal layer of unmagnetized
plasma trapped between the solar surface and the mag-
netic flux tube prevents further rising. The magnetic flux
tube expands significantly in the horizontal direction, its
rise halts. At the second step, horizontal sheet of mag-
netic flux breaks into the photosphere and further into the
corona either due to magnetic buoyancy instability or due
to buffeting by plasma convective motions (Archontis et al.
2004; Norton et al. 2017). Toriumi and Yokoyama (2013)
predicted a divergent horizontal flow of the trapped plasma
from the emerging site that was later observationally con-
firmed by Toriumi, Hayashi, and Yokoyama (2014).
Cheung, Schu¨ssler, and Moreno-Insertis (2007) and
Cheung et al. (2008) carried out radiative 3D MHD simula-
tions of emerging magnetic flux from the near-surface layer
of the CZ into photosphere. Magnetic flux of the simulated
tubes did not exceed 1.55×1020 Mx. By taking into account
compressibility, radiative transfer and partial ionization,
the authors simulated the flux tube undulations that were
associated with interaction between the granular convection
cells and the flattened magnetic sheet.
Cheung et al. (2010) presented first radiative MHD sim-
ulations of AR emergence from the uppermost 7.5 Mm of the
CZ. The simulations were carried out with the MURaM code
(Vo¨gler et al. 2005; Rempel, Schu¨ssler, and Kno¨lker 2009)
that takes into account realistic equation of state. Similar
study was performed by Rempel and Cheung (2014), this
time authors extended the model by including a retrograde
flow in the flux tube and by using larger computational do-
main. In both works, a semitorus-shaped magnetic flux tube
was advected into the computational domain through the
bottom boundary. The most pronounced features of AR’s
emergence, such as horizontal expansion of magnetic flux
tube, undulating field lines between the opposite polarities,
leading and following polarities asymmetry and its coales-
cence from small-scale magnetic features were simulated.
Interestingly, Rempel and Cheung (2014) showed that com-
pletely untwisted magnetic flux tube is able to rise through
the uppermost 15.5 Mm of the CZ and to form sunspots.
The reader can see that most simulations consider either
the uppermost layers of the CZ and solar atmosphere or the
Sun’s interior from the bottom of the CZ to several tens of
Mm below the photosphere. This is a consequence of a den-
sity variation by 6 orders of magnitude with the CZ depth
from the bottom to the top and, as a result, of significant
variations of time and length scales (Cheung et al. 2010).
This difficulty was overcome by Chen, Rempel, and Fan
(2017) who carried out the state-of-the-art simulations of
an emergence of a magnetic flux bundle generated at the
bottom of the CZ. Instead of advecting an ideal semi-torus
tube through the bottom boundary of the computational do-
main, authors introduced magnetic and flow fields obtained
near the top boundary of convective dynamo simulation by
Fan and Fang (2014). This allowed Chen, Rempel, and Fan
(2017) to perform a more realistic simulation that could be
compared to observable ARs, which led to the following con-
clusions:
(i) The magnetic flux bundle rises as almost a coherent
structure. Approaching the solar surface, the flux bundle
fragments into small granular-size magnetic elements. The
MNRAS 000, 1–9 (2018)
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elements emerge individually and coalesce into a large flux
concentration.
(ii) Asymmetry of leading and following polarities are ex-
plained by stronger vertical magnetic field of the leading
spot inside the CZ that is caused by a combination of verti-
cal motions of plasma inside rising flux tube (due to drainage
from loop top) and the prograde flow inside he emerging flux
bundle.
(iii) Emergence of magnetic flux is controlled by convec-
tive upflows inside the CZ, i.e. the rising speed of a magnetic
tube is determined by the mean upflow speed of plasma in
convective cells.
Additional reviews on magnetic flux tube emergence can
be found elsewhere (e.g., Fan 2004, 2009; Archontis 2012;
Cheung and Isobe 2014).
In our present study, we focus on a flux emergence rate
R(t) = dΦ(t)/dt, where Φ(t) is the total magnetic flux of
the emerging flux bundle, and its relation with other mag-
netic parameters. Otsuji et al. (2011) carried out a statis-
tical study of 101 flux emerging regions ranging from small
magnetic dipoles of 2.6×1017 Mx to strong ARs of 6.7×10 21
Mx. They found that the flux emergence rate is proportional
to the peak total magnetic flux, Φmax:
R = dΦ(t)/dt ∝ Φκmax (1)
By fitting their dΦ(t)/dt versus Φmax scatter plot,
Otsuji et al. (2011) obtained that the power-law index κ
in (1) equals 0.57. The authors also derived the value of
the power-law index κ in the framework of a very simplified
model. The model considered emergence of a flattened mag-
netic flux tube with a constant rise velocity. Since the plasma
β in the photosphere is almost 1 and the magnetic pressure
B2/8π is almost constant, the magnetic flux density inside
the tube was supposed to be constant irrespective of the
spatial size or total magnetic flux of the flux tube. In such a
case, the relation between the peak flux and flux emergence
rate is described by equation (1) with the power-law index
κ=0.5.
Even more emerging events, namely 224, were analysed
by Khlystova (2013) during the first 12 hours of emergence.
Although Khlystova (2013) did not evaluated the power-law
index κ in her dΦ(t)/dt versus Φmax relation, a scatter plot
in fig. 8 of her article allowed Abramenko et al. (2017) to
estimate the value of κ to be of about 0.4.
Fu and Welsch (2016) studied the influence of emerging
magnetic flux on the flaring activity of the pre-existed ARs.
They determined the flux emergence rate of 116 ARs, al-
though did not carry out any analysis of these values. Inter-
estingly, Fu and Welsch (2016) found that about half of the
regions exhibited a two-step emergence behavior when the
flux emergence rate was relatively low at the initial stages of
the emergence and significantly increased as the emergence
proceeded. Norton et al. (2017) analysed the magnetic flux
variations of 10 emerging ARs separately in leading and fol-
lowing sunspots. The observations also covered the decaying
phase where possible. The authors concluded that the flux
emergence rate of the leading spot in AR is on average higher
than that of the following spot. Combining their results and
others reported previously, Norton et al. (2017) evaluated
the power-law index κ to be 0.36. Abramenko et al. (2017)
measured the flux emergence rate for 36 ARs. Their dΦ(t)/dt
versus Φmax relation fitting resulted in the power-law index
κ = 0.69 ± 0.10 for the whole ARs sample.
The flux emergence rate, often reported in Mx hr-1,
usually varies from units to tens of 1019 Mx hr-1 for emerg-
ing magnetic bundles of different magnetic fluxes. Observed
and simulated rates are in a good agreement, and we re-
fer reader to an excellent detailed review of this issue made
by Norton et al. (2017). However, there are still some points
that need to be clarified. Abramenko et al. (2017) noted that
the flux emergence rate of ARs of almost the same total mag-
netic flux can differ significantly. This implies that the flux
emergence rate also depends on some other properties of an
AR rather than on its maximum total unsigned flux only.
The aim of this work is to find possible relations be-
tween different parameters of emerging ARs using a sta-
tistically significant sample of events. We especially fo-
cus on physical quantities that can affect the flux emer-
gence rate of an AR. The most promising quantity in
this context (except Φmax) is the magnetic tube’s twist.
A number of theoretical studies, which simulated mag-
netic flux tube emergence (e.g. Moreno-Insertis and Emonet
1996; Emonet and Moreno-Insertis 1998; Magara 2001;
Murray et al. 2006; Toriumi and Yokoyama 2011), suggest
that higher initial twist of a magnetic tube may result in
a higher flux emergence rate. Briefly, twist of the mag-
netic tube prevents its fragmentation by the plasma con-
vective flows and formation of vortex rolls mentioned above
(Schuessler 1979; Longcope, Fisher, and Arendt 1996).
Toriumi and Yokoyama (2011) argued that insufficient
twist of a magnetic tube can lead to a “failed emer-
gence” when the flux tube expands too widely be-
neath the photosphere, looses its buoyancy and be-
comes unable to break through the surface. In general,
Cheung, Schu¨ssler, and Moreno-Insertis (2007) showed that
the ability of magnetic flux tube to emerge through the sur-
face depends on the tube’s twist. Currently, there are no
observational studies to support or disprove the existence of
relation between the magnetic flux tube’s twist and its flux
emergence rate. The present study is an attempt to fill this
gap.
2 DATA REDUCTION AND CALCULATION
OF ACTIVE-REGION PARAMETERS
We employ solar magnetic field measurements by the
Helioseismic and Magnetic Imager (HMI, Schou et al.
2012; Scherrer et al. 2012) on board the Solar Dynamics
Observatory (SDO, Pesnell, Thompson, and Chamberlin
2012). Among other products, SDO/HMI provides full-disc
4096×4096 pixel line-of-sight (LOS) magnetograms with the
spatial sampling of 0.5×0.5 arcsec2 pixel size and a 720 sec-
ond cadence.
To create a series of patches of AR LOS magnetic field
maps we applied the following procedure. The boundaries of
the desired AR were manually selected at the full-disc mag-
netogram. By a cross- correlation technique, the AR was
kept inside the bounding box at the consecutive (both back
and forth in time) full-disc magnetograms as long as the cen-
tre of the bounding box was located at the central meridian
distance (CMD) less than 60◦.
The AR’s magnetic field inside the box were extracted
MNRAS 000, 1–9 (2018)
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and saved to patches along with the coordinates of the box
boundaries. At the following steps, these coordinates were
used to derive the information on the AR position on the
solar disc.
The total unsigned flux of an AR Φ(t) was calculated
as a sum of absolute magnetic flux density in pixels multi-
plied by pixel’s area corrected for projection. We summed
only those pixels whose absolute magnetic flux density val-
ues were more than 18 Mx cm-2, i.e. threefold exceeded the
noise level of LOS 720s magnetograms (Liu et al. 2012). As-
suming the magnetic field to be predominantly radial the
total unsigned flux of each patch was corrected for the fore-
shortening by dividing by the cosine of the angle between the
line-of-sight and the radial direction at the patch centre (the
µ-correction). The reliability of the estimation of the radial
magnetic field Br from the LOS component Blos by the µ-
correction is related to how radial the real magnetic field
is. This issue was analysed by Leka, Barnes, and Wagner
(2017) who compared different technique of Br approxi-
mation from Blos. They considered Br derived from the
SDO/HMI vector magnetic field measurements to be a true
radial field. The authors found that the µ-correction pro-
vides the best estimation of the total unsigned flux in ARs
from the Blos component for cos(µ) >= 0.5 (see Fig. 11 in
Leka, Barnes, and Wagner 2017). In early stages of magnetic
flux emergence, the emerging site is comprised mostly of
plage areas in which the magnetic field is close to radial. In
later stages, when the horizontal field of sunspots develops,
µ-correction method will underestimate the total magnetic
flux. However, based on Leka, Barnes, and Wagner (2017),
the effect of this underestimate on total unsigned flux of
active region is relatively small.
The SDO/HMI team also provides the Spaceweather
HMI Active Region Patches (SHARPs, Bobra et al. 2014;
Hoeksema et al. 2014) derived from full-disc HMI data.
To produce SHARPs, a feature-recognition algorithm
(Turmon et al. 2010) automatically identifies and tracks
ARs at full disc magnetograms. SHARP products contain
maps of AR’s LOS and vector magnetic fields, continuum
intensity, Doppler velocities, etc. In addition, a number of
AR indices such as the total unsigned flux, characteristic
twist parameter, mean vertical current density, and others
are computed from the vector magnetic field in AR patches.
The SHARP vector magnetic filed data were used to calcu-
late exclusively twist of magnetic flux tubes for two reasons.
First, many SHARP patches enclose more than one AR,
i.e., in such a case, we cannot attribute any AR parameter
derived from this patch to a certain AR. Second, SHARP
tracking algorithm often starts to track emerging AR after
the actual emergence onset, i.e. we can lose information at
the very beginning of the emergence.
Note that we did not use the SDO/HMI vector magnetic
field data to calculate the ARs’ total unsigned fluxes. The
main reason is a relatively high noise in full-vector measure-
ments. Absolute magnetic flux density below 220 Mx cm-2
in vector magnetograms should be considered as a noise
(Bobra et al. 2014). Norton et al. (2017) found that the
noise in the SDO/HMI Stokes vector profiles varies with in-
creasing centre-to-limb observing angles. This causes a“mex-
ican hat” trend in the total unsigned flux curve (see fig. 5
in Hoeksema et al. 2014 and fig. 4, panel A4 in Bobra et al.
2014) as an AR crosses the solar disc. Norton et al. (2017)
suppressed this trend by using a high noise threshold of 575
Mx cm-2. However, this decision led to an underestimation of
the magnetic fluxes. We cannot follow Norton et al. (2017)
and increase the threshold since we intend to add to our
analysis weak ARs that do not form sunspots.
There are two more minor points against using vec-
tor magnetic field measurements for Φ(t) calculations in
this work. First, Leka, Barnes, and Wagner (2017) argued
that the total unsigned flux derived from the vector magne-
tograms is overestimated due to higher noise in the trans-
verse magnetic field. This noise is summed by its absolute
value and makes some contribution to the total unsigned
magnetic flux. In our case, this contribution might be signif-
icant for weak ARs. Second, as we mentioned above, SHARP
tracking algorithm often starts to track an AR after its ac-
tual emergence onset. Using vector magnetic field measure-
ments would require padding such SHARP series with addi-
tional patches in order to create a homogeneous data series
covering the whole AR emergence process. To create these
patches, one have to deal with full-disc vector magnetograms
that consume four time more memory space compared to
LOS magnetograms.
Using a series of extracted by ourselves Blos patches,
for each AR we determined the following parameters:
(i) Time of the emergence onset, temerg. To determine the
time of the emergence onset we performed a two-segment
piecewise continuous linear fitting of the Φ(t) curve in the
interval where the total unsigned flux started to increase
(blue curve in Fig. 1a). The first (left-hand in Fig. 1a) seg-
ment had to be horizontal while the second one could have
arbitrary slope. We define the intersection point of the seg-
ments as a time of the emergence onset.
(ii) The time of AR’s maximum magnetic flux, tmax was
determined as a time when the emergence halts and the Φ(t)
curve reaches its maximum value. Similar to the previous
point, we determined this time as an intersection of two
segments of the piece-wise continuous fitting of the top of
the Φ(t) curve (red curve in Fig. 1a). In this case, the second
(right-hand) segment had to be horizontal.
(iii) The maximum total unsigned magnetic flux or peak
magnetic flux of an AR, Φmax was computed as a difference
between the value of Φ(t) at the emergence onset and the
value of Φ(t) during the tmax : Φmax = Φ(tmax)−Φ(temerg). To
decrease the uncertainty, we use the averaged values of Φ(t)
at the horizontal segments of the piece-wise linear fittings.
(iv) The averaged flux emergence rate, Rav was computed
as the maximum total unsigned flux of an AR divided by the
total interval of the flux growth
Rav = Φmax/(tmax − temerg), (2)
(v) The normalized flux emergence rate, Rn. Previous
studies (e.g. Otsuji et al. 2011; Abramenko et al. 2017;
Norton et al. 2017) revealed that the flux emergence rate
depends on the peak flux of an AR with stronger ARs ex-
hibiting higher absolute flux emergence rate as compared to
weak ones. To mitigate this effect and to treat the strong and
weak ARs as a single ensemble, we introduce the normalized
flux emergence rate, Rn
Rn = Rav/Φ
κ
max . (3)
Rn is a measure of flux emergence rate that is independent
MNRAS 000, 1–9 (2018)
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Figure 1. a - Variations of the total unsigned magnetic flux Φ(t) (black curve) of AR NOAA 12266 (HMI SHARP 5075). Blue and
red curves show the best piece-wise linear fitting of the Φ(t) curve during the emergence onset and peak magnetic flux, respectively.
Intersection of the segments of these fittings (pointed by gray arrows) determines temer g and tmax , see text. b - LOS magnetogram of
the patch of AR NOAA 12266 taken by SDO/HMI at temer g on 2015 January 17 at 12:36 UT. Initial imprints of AR emergence are
visible at the centre of the patch. c - LOS magnetogram of the patch of AR NOAA 12266 taken by SDO/HMI at tmax on 2015 January
19 at 12:00 UT. Red crosses denotes the positions of flux-weighted centroids of opposite polarities. The field-of-view of the patches is
150′′×75′′. The magnetograms are scaled from -500 Mx cm-2 (black) to 500 Mx cm-2.
of the peak magnetic flux of an AR. As it will be shown in
Sec. 3.1 a value κ = 0.5 can be adopted. Formally, the units
of Rn in this case are Mx
1/2 h-1. For simplicity, we will
measure Rn in arbitrary units.
(vi) Longitude of the emergence onset. We adopt the heli-
ographic Stonyhurst longitude (Thompson 2006) of the cen-
tre of an AR patch at the time of the emergence onset as the
longitude of the emergence onset. All the heliographic coor-
dinates were calculated with the World Coordinate System
(WCS) routines provided in the SolarSoft IDL.
(vii) Longitude and latitude of an AR at tmax, LONmax
and L ATmax. For each AR patch we calculated the flux-
weighted centroids of each polarity at tmax
(x±, y±) =
(∑
x B±∑
B±
,
∑
y B±∑
B±
)
, (4)
where B± is the magnetic flux density in each pixel and x,y
are pixels’ coordinates. The sign + (-) denotes calculation
only over positive (negative) polarity. To decrease the influ-
ence of quiet-Sun fields, we only used pixels with absolute
values exceeding 300 Mx cm-2. We define the heliographic
latitude and longitude of the centre of the line connecting the
flux-weighted centroids as latmax and lonmax , respectively.
(viii) The opposite polarity centroids separation, d (or
the footpoint separation between the opposite polarity cen-
troids) is calculated as
d = R⊙γ, (5)
where R⊙ is the solar radius and γ is angular separation of
two opposite polarity centroids (in radians, angle between
two lines drawn from centre of the Sun to the centre of each
centroid).
(ix) Tilt, θ. ARs are usually tilted with respect to the so-
lar parallels with leading polarities tending toward the equa-
tor. This rule, first described by Hale et al. (1919), became
later known as Joy’s law. Non-zero tilt angle is supposed to
come from the Coriolis vortices that twist a magnetic flux
bundle rising up through the CZ. We calculate tilt of an AR
as an angle between the line connecting the centroids of op-
posite polarities – the axis of an AR – and the local parallel
passing through the centroid of the leading polarity (Fig. 1c).
Tilt is positive when measured in the counter-clockwise di-
rection. Under these conditions, ARs obeying Joy’s law will
have positive (negative) tilt of units to several tens degrees
in the southern (northern) hemisphere. If one adds an ad-
ditional requirement that the leading polarity field should
follow the Hale polarity rule (Hale and Nicholson 1925), this
would lead to a new definition of Joy’s law, in which anti-
Hale ARs would exhibit tilt angles of about ±180◦ (cf. fig. 1a
in Li and Ulrich 2012).
(x) Finally, to compute twist, α, of an AR, we used
SHARP vector magnetic field data acquired at tmax and
remapped to Lambert cylindrical equal area projection
(Bobra et al. 2014; Hoeksema et al. 2014). With j = ∇ × B
and B denoting electric current density and magnetic field
vector, respectively, in the framework of force-free field, the
electric current could be expressed as a product of scalar or
pseudo-tensor quantity α and magnetic induction, B:
j = α · B (6)
In the past, α was used as a measure of magnetic twist in an
AR (Seehafer 1990; Pevtsov, Canfield, and Metcalf 1994).
We calculated an averaged over the whole AR flux-weighted
twist αav (e.g. Hagino and Sakurai 2004)
αav =
∑
jz(x, y)Bz(x, y)∑
B2z (x, y)
. (7)
MNRAS 000, 1–9 (2018)
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The summation in equation (7) was performed only
over pixels with magnetic field strength exceed-
ing 300 Mx cm-2 (cf. Liu et al. 2014). Following
Abramenko, Wang, and Yurchishin (1996), we calculated
electric current density as
jz =
∮
L
Btdr, (8)
where Bt is the horizontal magnetic field vector (relative to
solar surface) and L is a contour that encloses an area of
5× 5 pixels around the central point where the z-part of the
electric current density jz was determined.
3 RESULTS AND DISCUSSION
In total, we detected more than 600 ARs emerged at the
visible solar disk between 2010 May and 2017 December 31.
From this initial dataset we identified 423 ARs, which satisfy
the following criteria: i) both the AR’s emergence onset and
magnetic flux peak must be observed within 60◦ from the
central meridian; ii) SHARP data on the AR vector mag-
netic field must be available at the time tmax of the peak
magnetic flux; iii) the times of the emergence onset and of
peak magnetic flux can be clearly identified. In this final
sample, the maximum total unsigned flux of ARs varies in
the range 0.36–25.3×1021 Mx. All calculated parameters of
ARs as well as its HARP numbers are listed in a table pro-
vided as a supplementary material.
3.1 Dependence on maximum unsigned flux
Fig. 2 shows correlation between peak total unsigned mag-
netic flux and other parameters. The average emergence
rates as well as the polarity separation are strongly correlate
with Φmax . Rank correlation coefficients and the probabil-
ity of chance correlation are: Rav – 0.72 (10
−32) and d –
0.86 (10−32). As these two parameters are not independent
of each other, strong correlation between Φmax and Rav is
most likely the result of correlation between Φmax and po-
larity separation (d). Indeed, the Rav residuals (not shown)
after subtracting a fitted dependence between Φmax and d
(Fig. 2c) do not show any correlation with Φmax .
Fig. 2a shows a scatter plot of Rav versus Φmax in a
double logarithmic scale. The best linear fitting to the dis-
tribution (black line) yields a power-law
Rav = 0.43Φ
0.48±0.02
max , (9)
where Φmax is in units of 10
21 Mx and Rav is in 10
20 Mx h-1.
The power-law index is close to the theoretical value κ = 0.5
obtained by Otsuji et al. (2011). Recall that Otsuji et al.
(2011) evaluated their power law index in the frame of an
oversimplified emergence model assuming nearly constant
magnetic flux within the tube (irrespective of the total mag-
netic flux or spatial size of the magnetic tube) and a constant
rise velocity of the tube.
The opposite polarity centroids separation, d, versus
Φmax scatter plot is shown in Fig. 2b. The best linear fitting
to this scatter plot results in the following relation:
d = CΦ
κ1
max ∝ Φ
0.36±0.01
max . (10)
Otsuji et al. (2011) inferred that the analytical power-law
index κ1 in (10) κ1 = 2(γ − 1)/(5γ − 4), where γ is the adia-
batic index. With γ = 5/3 for ideal gas and γ ∼ 4/3 for the
near solar surface layers, κ1 in (10) equals 0.30 and 0.25,
respectively. By fitting their d versus Φmax scatter plot,
Otsuji et al. (2011) derived the power-law index κ1 = 0.27.
Our power-law index κ1 = 0.36 ± 0.01 exceeds the value re-
ported by Otsuji et al. (2011). We suppose that this discrep-
ancy can be explained by a different measurements crite-
rion: Otsuji et al. (2011) defined d = dmax as the maximum
observed separation while we consider d as a distance be-
tween the opposite polarity centroids observed during the
maximum observed total unsigned magnetic flux of an AR.
It was confirmed that a lag is observed between peak flux
and peak separation distance in emerged magnetic bipoles,
with latter trailing (van Driel-Gesztelyi and Green 2015;
Kosovichev and Stenflo 2008; Wallace Hartshorn 2012). Of
course, the mentioned discrepancy can be, at least in part, a
result of specific details of AR parameter measurements in
this work and in the analysis by Otsuji et al. (2011).
Fig. 2c shows the relation between tilts, θ and peak
fluxes, Φmax. To better visualize the relation, we plot-
ted θ with inverted sign for ARs located in the north-
ern hemisphere (blue dots), i.e. in Fig. 2c ARs obey-
ing Joy’s law have positive tilt regardless of the hemi-
sphere where they are located. One can see that strong
ARs, in general, obey Joy’s law and have tilt of about
ten degrees while weaker ARs exhibit scatter of tilt in a
wide range of angles. The similar results were obtained by
Illarionov, Tlatov, and Sokoloff (2015) who analysed distri-
bution of tilt angles for large and small magnetic dipoles (see
fig. 1 in Illarionov, Tlatov, and Sokoloff 2015). Although
tilt of an AR varies during the emergence phase (e.g.
van Driel-Gesztelyi and Green 2015), we can conclude that
by the time of reaching its peak flux an AR has tilt expected
by Joy’s law.
Averaged twist of an AR, αav versus Φmax is shown
in Fig. 2d. There is no evident correlation between these
two parameters. Nevertheless, weak ARs seem to exhibit
greater absolute twist compared to strong ones. A model
of helicity accumulation in magnetic flux tubes developed
by Choudhuri, Chatterjee, and Nandy (2004) predicts that
“smaller sunspots should statistically have stronger helicity
(i.e., higher values of twist”. It was observationally confirmed
by Liu et al. (2014), however their sample consisted of only
28 emerging ARs. It seems that our results and results of
Liu et al. do not contradict each other.
3.2 Flux emergence rate versus twist
The Rn versus αav scatter plot for the entire sample of 423
ARs is shown in Fig. 3a. There is no obvious correlation,
however, it seems that ARs emerging with low normalized
rate tend to exhibit lower value of twist. This tendency is
confirmed by the best linear fitting of the Rn versus αav
relation (black solid line in Fig. 3a).
The relation between Rn versus αav shown in Fig. 3a
might be contaminated by influence of noise in the calcu-
lated twist. Indeed, the current density in weak field areas is
dominated by noise due to uncertainties in the azimuth dis-
ambiguation procedures (Hoeksema et al. 2014). Although
the thresholding keeps only strong field pixel during the cal-
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Figure 2. Relations between peak total unsigned magnetic flux Φmax and averaged flux emergence rate, Rav , (a), maximum flux
emergence rate, Rmax , (b), opposite polarities separation, d (c), ratio Rmax/Rav (d), tilt, θ, (e), and averaged twist, αav , (f) for the
entire sample of 423 ARs. Black solid lines in panels a, b, c displays the best linear fittings to the data. ARs located in the northern
(southern) hemisphere are drawn in blue (red) color in panel e. Note that tilts for ARs located in the northern hemisphere are plotted
with inverted sign in panel e. To better visualize the results, 16 outliers in panel e are excluded in the plot.
culation of αav by equation (7), this noise can still dominate
at the borders of well-determined AR structures due to fi-
nite length of the integration contour in (8). Consequently,
the noise contribution to the twist value might be significant
for weak small ARs.
Therefore, we further reduce our sample to 110 strong
ARs with peak magnetic flux exceeding 5×1021 Mx. In such
a case, the tendency shown in Fig. 3a is more pronounced in
the Rn versus αav plot for strong ARs in Fig. 3b. Although
there is no obvious direct relation between the normalized
flux emergence rate and twist, the majority of the data
points lie above the dashed line in Fig. 3b suggesting that
ARs exhibiting high twist emerge at higher flux emergence
rate. This suggestion is in a general agreement with the
theoretical predictions (e.g. Moreno-Insertis and Emonet
1996; Emonet and Moreno-Insertis 1998; Magara 2001;
Murray et al. 2006; Toriumi and Yokoyama 2011).
4 CONCLUSIONS
We used the measurements of the SDO/HMI magnetic field
taken over 8 years to reveal possible relations between differ-
ent parameters of emerging ARs. In total, our sample con-
sisted of 423 ARs emerging and growing to its peak magnetic
flux within 60◦from the central meridian.
We confirmed the results of previous studies concerning
the power-law relation between the flux emergence rate and
peak magnetic flux of an AR. The power-law indices derived
in previous works were scattered in the broad range from
0.36 in Norton et al. (2017) to 0.57 in Otsuji et al. (2011) to
0.69 in Abramenko et al. (2017). However, the theoretical
value of 0.5 obtained by Otsuji et al. (2011) was not sup-
ported observationally. In this work, using the largest so far
sample of emerging ARs, we found that the power law index
κ equals 0.48±0.02 for the averaged flux emergence rate that
agrees (within uncertainties) with the theoretical value of
0.5.
The opposite polarity centroids separation also scales as
a power law of the peak magnetic flux, although our power
law index 0.36±0.01 is higher than that obtained in the pre-
vious works. We attribute this discrepancy to different mea-
surement routines.
Although the tilt of emerging ARs varies during the
emergence phase (van Driel-Gesztelyi and Green 2015), our
results suggest that by the end of the magnetic flux growth
an AR exhibits the tilt angle expected by Joy’s law. In ac-
cordance with previous studies, the tilt angle of weak ARs
is more scattered compared to strong ARs.
The observationally obtained relation between the flux
emergence rate and twist of magnetic tube shows that AR’s
twist sets a lower limit for the flux emergence rate. Our re-
sults suggest that more twisted magnetic tubes will emerge
at higher flux emergence rate while less twisted ARs might
exhibit either high or low flux emergence rate. Seemingly,
there exist additional mechanisms that causes ARs of the
same twist and magnetic flux to emerge with different rates.
We can suppose that those mechanisms could be attributed
to the interaction between plasma convective motions and
rising magnetic flux bundles. As a simple qualitative model,
turbulent motions of high-density plasma inside the convec-
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Figure 3. Relation between the normalized flux emergence rate
and twist for the entire sample of ARs (a) and for strong ARs with
Φmax > 5 × 10
21 Mx (b). Black solid line in panel a displays the
best linear fitting to the distribution. The dashed line in panel (b)
is drawn to show that the majority of data points lie above this
line. The same dashed line is overplotted in panel (a) to emphasize
that the majority of points from the whole ARs sample lie above
this line as well.
tion zone could fragment emerging flux bundle into several
magnetic flux tubes (see fig. 1 in Zwaan 1985). Each tube
reaches the solar surface and emerge at a different time
with some delay (see ’Conclusions and Discussion’ section
and figs. 7,8 in Abramenko et al. 2017). As a result, the
duration of the whole emergence process increases leading
to decrease of the averaged flux emergence rate. As an-
other option, since the rising velocity of emerging magnetic
flux is determined by the plasma upflows in convective cells
(Chen, Rempel, and Fan 2017), the emergence rate could be
randomly affected by the lifting velocities of the plasma por-
tions that carry the magnetic flux to the surface.
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